The development of a wake flow downstream of a cylindrical rod within a curved channel under zero streamwise pressure gradient is theoretically and experimentally investigated. The measured asymmetric wake quantities such as the mean velocity and turbulent fluctuations in longitudinal and lateral directions as well as the turbulent shear stress are transformed from the probe coordinate system into the curvilinear wake eigen-coordinate system. For the transformed nondimensionalized velocity defect and the turbulent quantities, affine profiles are observed throughout the flow regime. Based on these observations and using the transformed equations of motion and continuity, a theoretical framework is established that generally describes the two-dimensional curvilinear wake flow. The theory also describes the straight wake as a special case, for which the curvature radius approaches infinity. To demonstrate the general validity of theory, experimental results pertaining to curved wake as well as straight wake flows are compared with the developed theory.
HE wake flow constitutes a special case of free turbulent flows with a broad range of general scientific and engineering applications. In the field of turbomachinery, the viscous boundary layer flow near the suction and pressure surfaces, in association with the finite blade trailing edge thickness, generates a wake front characterized by strongly asymmetric velocity, Reynolds normal-and shear stress distributions. The wake front moves downstream and influences the boundary layer transition and heat transfer characteristics ofthe blades positioned downstream of the wake, thus affecting the efficiency and performance of turbomachines.
Earlier experimental and theoretical studies by Reichardt [1950] dealt with free turbulent flows such as the wake flow downstream of blade or cylinder cascades and the free jet flows. From his experimental observations, Reichardt concluded that the defect velocity profiles can statistically be characterized by the error integral functions. Employing an inductive approach, Reichardt established a relationship for the total impulse U V as a function of the dimensionless momentum defect. Eifler 1975] and Pfeil and Eifler [1975a, b] extended Reichardt's theory by generating a relationship for the partial impulse U V as a function of the dimensionless momentum and velocity defects. With the above two relations for the total and partial impulses, Pfeil and Eifler 1975] were able to describe the distribution of the turbulent shear stress in xand y-directions.
The effects of pressure gradient and curvature were investigated by Savill [1983] and recently by Nakayama 1987] . Using a box-shaped test section with one perspex side wall and a metal backplate to deflect a cylinder wake through a right-angle bend, Savill measured the mean velocity profiles and the Reynolds stress components that revealed strong influence of curvature. Nakayama 1987] carried out a systematic study of the effect of mild pres-20 sure gradient and mild curvature on a small-defect wake by positioning airfoil-like thin plate at small angles to the external flow. Despite the governing mild pressure and curvature, the turbulence quantities, particularly the shear stress, are strongly affected by the streamline curvature and pressure gradient.
The presented study is part of a comprehensive experimental and theoretical study of the steady and unsteady turbulent wake development through curved channels under positive, zero, and negative longitudinal pressure gradients. An attempt is made to address the basic questions of this type of free turbulent flow by theoretically and experimentally studying the steady wake development in a curved channel under zero-longitudinal pressure gradient.
The theoretical investigations, including the flow model, the corresponding governing equations, and the detail of solution procedures are described in the next section. The sections that follow deal with. the description of the experimental setup, data acquisition, reduction, and analysis, and the comparison of analytical and experimental results for the curved as well as straight wake, respectively.
THEORETICAL CONSIDERATIONS
For the following theoretical considerations we assume an incompressible turbulent flow through a two-dimensional curved channel. We further assume that the velocity vector has a temporal and spatial dependency and can be decomposed into a time-independent mean and a timedependent turbulent fluctuation vector. Based on the experimental observations, the flow regime under investigation can be divided into three distinct zones. First, the wake zone---characterized by strongly asymmetric mean velocity components, turbulent intensities, and shear stress distributions. Second, the wake external zone--where the velocity distribution approximately corresponds to that of a potential flow, even though it is rotational, and thus the assumption of a potential flow character is, strictly speaking, not correct. The third zone is the boundary layermat the convex and the concave channel walls where the viscosity effect is predominant and the boundary layer approximations can be applied. Based on our own experimental results and in accordance with the investigation of several other researchers, among others, Reichardt 1950], Pfeil and Eifler [1975] , Lakshminarayana and Raj [1976] , and Nakayama 1987], we further assume that for free turbulent flow, the viscosity effect can practically be neglected. Under these assumptions the conservation equations of fluid mechanics in a coordinate invariant form are treated by transforming from a coordinate invariant form into an orthogonal curvilinear coordinate system by using tensor analytical tools.
Conservation Laws
Before starting with the transformation of conservation laws into curvilinear coordinate system, we decompose the velocity vector into a time-averaged mean and a timedependent fluctuation as:
Using the above decomposition, the corresponding index notation for the two-dimensional orthogonal curvilinear coordinate system, the continuity and momentum equations in time-averaged sense can be written as:
( 2) _!gij-fi, j (m V"),m n irJ Ulm From the experimental investigations by Reichardt [1950] , Eifler [1975] , and others it was concluded that the nondimensional wake velocity defect distribution in case of a straight channel with zero streamwise pressure gradient follows the Gaussian distribution. Similar solution for the dimensionless wake velocity defect function, in Eq. [20] 
Assuming that the longitudinal turbulent intensity is negligible in comparison with the mean velocity of the flow, also the variation of the potential velocity at the wake center in 1 direction is very small for the case of zero longitudinal pressure gradient, Eq. [24] in connection with Eqs.
[13] and [14] can be simplified as:
(UV) (25) Further rearrangement of terms, the assumption
, and integration of the resulting equation yield an expression for total impulse as:
where Ulm 2UpUlm Ulm.
The approximate equality of dimensionless wake velocity and momentum defects, i.e., 2 1, has been verified experimentally for different locations downstream of the wake generating body. Using this approximation and further rearrangement of some terms modify Eq.
[26] to: 
The constant of integration in the above expression is a function of sel and needs to be evaluated from the experimental results at " 0. For the case of straight channel with no streamwise pressure gradient, it is known from experimental results that shear stress is zero at the wake center with the distribution being symmetric about the wake center. In that case, the constant of integration evaluates to be zero. But for the case of curved channel flow, the shear stress distribution is strongly asymmetric with the value of it being non-zero at the wake center, thus bringing out the influence of curvature. As a result, the constant of integration is no longer zero and needs to be evaluated from experimental measurements to incorporate the asymmetry.
EXPERIMENTAL RESEARCH FACILITY
The experimental facility described here enables the simulation of steady and unsteady wake development in a twodimensional curved channel with positive, zero, and negative longitudinal pressure gradients. The wake is generated by a circular cylinder. The use of cylinder instead of blade cascade is appropriate, since the turbulence characteristics of the cylinder wake flows, in terms of Reynolds stress components, are similar to those of rotor blade wakes.
The test facility shown in Fig. 1 consists of a large centrifugal fan, a settling chamber, a nozzle, a wake generator, a test section, and an exit duct. For detailed information about the design description and performance tests 
FIGURE
Overall layout of the test facility: l--fan; 2--motor; 3wtransition duct; 4--straight pipe; 5mdiffuser; 6settling chamber; 7nozzle; 8--wake generator; 9--test section; 10--exit duct.
we refer to a report and a paper by Schobeiri [1988] and Schobeiri and Pardivala [1992] .
The test section shown in Fig. 2 is located downstream of the wake generator and consists of a convex top wall, a concave bottom wall, and two vertical plexiglass side walls. The probe traversing system is mounted within the convex wall assembly, details of which are discussed in the following section. The concave bottom wall is designed to slide horizontally within two T-slots in the bottom wall of the wake generator. This allows the creation of adverse or favorable longitudinal pressure gradients within the test section. The two curved walls have static pressure ports mounted flush with the surface at regular arc lengths of 50 ram. The static pressure ports are connected to a manometer bank for visualization purposes. The test section allows the integration of test objects such as a curved plate, a cylinder, or a turbine cascade for boundary layer and heat transfer investigations.
In addition to simulating convex curvature, the convex wall assembly is designed to allow precise radial and circumferential traversing of the probes. Figure 2 shows the mounting of the traversing system within the convex wall assembly. The traversing system is mounted vertically on the base plate of the convex wall assembly. It consists of a 152.4 mm slider that moves within a dovetail guide. A lead screw, with a maximum traversing length of 610.0 mm, is connected to a DC stepper motor to provide the required drive for the slider. It receives signals from a computer and is driven by a FORTRAN code, with an arbitrary traversing schedule as an input, and turns the lead screw by the exact number of pulses required. An optical encoder connected to the traversing system provides a continuous feedback to the stepper motor for accurate positioning of the probes. The system is capable of traversing in small steps with a minimum of 2.5/m, which is specifically required for boundary layer investigations, where the measurement of the laminar sublayer is of particular interest. Software stops and mechanical stops are used to prevent the probes from traversing beyond the desired limits.
The slider of the traversing system is designed to allow the simultaneous positioning of two probes. The first probe is a hot-film X-probe, while the second probe is a pneumatic probe (Kiel probe). Angular positioning of the probes is achieved by rotating the entire convex wall assembly about its center of curvature. A rotary vernier is mounted on one of the triangular supporting walls for precise angular positioning of the probes.
INSTRUMENTATION, DATA ACQUISITION, AND DATA REDUCTION
The mean velocity and turbulent stress components are obtained using a 3-channel, constant temperature anemometer (TSI, IFA 100) system. Based on numerous spectral measurements within the wake, the low-pass filter of the signal conditioner is set at 20 kHz. All the measurements TWO-DIMENSIONAL WAKES WITHIN CURVED CHANNELS 25 FIGURE 2 Test section: 1--exit duct; 2mconvex wall assembely; 3---concave wall; 4mprobe; 5--wake generag; 6--motor; 7top wall; 8saftey pin; 9--rotary vernier; 10--traversing system; lmstepper motor; 12mlocking wheel. in the present study are made with platinum hot-film sensors of 25/zm in diameter. The X-film probe is designed to allow the sensors to remain along the axis ofthe probe support. The first channel of the anemometer is connected to a single-film probe and the second and third channels are connected to a X-film probe. The fourth and fifth channels of the A/D board are connected with two high-precision differential pressure transducers (MKS 220CD, Range: 0-10 mm Hg and 0-100 mm Hg) with a 2-channel digital readout. The pressure transducers are of capacitance type and have 0-10 V analog outputs. A Prandtl probe (pitotstatic probe), placed upstream of the diffuser, is connected to one of the pressure transducers to monitor the reference velocity at a fixed location. The second pressure transducer is used to measure the total pressure from a Kiel probe positioned at the same radial and longitudinal location as the X-probe.
In order to ensure a high level of accuracy and accelerate the calibration procedure, the simple calibration method by John and Schobeiri [1993] , (33) compare experimental results with the theory developed previously, the results have to be represented in a curvilinear coordinate system (1-2). In accordance with the definitions used earlier, 1 is defined as the direction along a streamline near the center of wake and 2 the direction normal to it. The maximum inclination between these two orthogonal coordinate systems was found to be less than 7.5 for the data presented here, and hence, the distance taken radially from the wake center to a measuring point was approximated as 2 and for all the measuring points at an angular position 0, the l coordinate was assumed constant. The errors due to this approximation will be even small considering the fact that for most longitudinal locations the inclination between the two coordinate systems was less than 4
The equations for transforming the time-averaged velocity and turbulent stresses calculated in the (x, y)-coordinate to the curvilinear coordinate system (1-2) are given by Eqs. 
The velocity defect distribution is determined from the wake velocity data and hypothetical potential velocity distribution. In order to obtain the location of maximum velocity defect accurately, a smoothing cubic spline function is used to fit the tangential component of velocity defect, V x V x V xp V x ). The edges of the wake were determined by an integral method developed by Schobeiri et al. 1992 ]. The location ofwake edges are sensitive to the initial selection of the potential region used to determine the hypothetical potential velocity distribution. However, the integral parameters such as wake width are much less sensitive to the location of wake edges, especially if the location of the wake edges are in the potential flow region.
The components of mean velocity and Reynolds stresses in curvilinear coordinate system are calculated from Eqs. [38]-[42] . The velocity defect distribution, maximum value of velocity defect, and the location of maximum velocity defect are calculated for the longitudinal component U. Figure 4 shows the schematic diagram of the velocity defect distribution for the longitudinal velocity.
RESULTS AND DISCUSSION
The validity of theory developed in the Theoretical Considerations section is accomplished by comparing it with the experimental results available from curved channel, discussed previously, and also from literature. To carry out the comparison with theory, information regarding the wake width, maximum wake velocity defect, and hypothetical potential flow velocity at the wake center are taken from the experimental measurements.
Curved Channel Wake Flow Wake development. The wake behind a stationary cylinder with the diameter d 1.984 mm located at mid-height of the wake generating section, was measured using a Xhot-film probe. The curved channel test section had an inlet to exit area ratio of 1 and an average inlet velocity of 20 rn/s. The wake profiles were obtained at fifteen angular positions (also referred to as longitudinal positions) from 0 0 to 70 in 5 intervals. The first measuring station 0 0 corresponds to the inlet of the curved test section, and is at a distance of 67 mm downstream of the wake generating cylinder. Based on the results of theoretical and experimental investigations on straight wake, presented in the next section, it was found unnecessary to vary the cylinder diameter as a parameter for curved wake.
The wake center is defined as the location of maximum velocity defect, as shown in Fig. 4 . The path of wake center represents the direction of curvilinear coordinate 1 at 2 0. As the wake propagates through the channel, the trajectory of the wake center gradually moves toward the convex wall up to a longitudinal location 1/d 240, and from there onward it moves away from the convex wall. The maximum inclination between the trajectory of the wake center and the tangential direction x was less than 5 The maximum velocity defect and the potential velocity are sketched in Fig. 4 .
The decay of the maximum velocity defect U lm normalized by the potential velocity at the wake center Upo is shown in Fig. 5(a) . wake (x/d > 100) (see Reichardt [1950] ; Pfeil and Eifler [1975] ). The value of the virtual origin Xo reported by different researchers varies from 40 to 100d. It is evident that the decay of wake centerline velocity defect for the present curved wake is faster than the straight wake. This is mainly due to the asymmetric character of wake velocity distribution mentioned above. eral distance 2 is nondimensionalized by the wake width b. Considering the asymmetric behavior of the velocity distribution, the introduction of the velocity defect has resulted in a fully symmetric defect function. In Fig. 6 the experimental results (symbols) are compared with the theory (solid line) developed in Theoretical Considerations. The solid lines are based on the velocity defect function, Ol e-2, which is proved to be a general representation of the wake defect for curved and straight wakes (see the next section). The mean velocity defect profiles are symmetric and almost identical to the straight wake (discussed in the next section) except for the fact that they are slightly wider on the inner side (concave side of the trajectory of the wake centerline) of the wake. This small deviation from the straight wake data is more clear at higher longitudinal locations. In general, it may be con- sidered that the effect of curvature on mean velocity defect distribution is small. The higher scatter of the normalized velocity defect at higher downstream locations is due to the fact that the maximum velocity defect is very small at these locations.
The distribution of the experimental and theoretical mean longitudinal velocity components are shown for different longitudinal locations in Fig. 7 , where experimental and theoretical results are represented by symbols and lines respectively. As shown, the velocity distribution exhibits a strong asymmetric character with higher velocities at the positive side of 2, corresponding to the locations closer to the convex wall with 2 0 as the geometric location of the wake center. The wake velocity defect decreases resulting in a continuous increase of the wake width with downstream location. The individual velocity profiles are characterized by a highly dissipative vortical core inside the wake region surrounded by external potential flow region. A comparison with the developed theory shows a detailed prediction of this behavior over the entire velocity range confirming the validity of assumptions including the validity of the derived approximation for potential flow velocity in the vicinity of the wake center, i.e., Up UpO(1 ).
Reynolds stresses. The experimental results (symbols) for Reynolds shear stress distribution at various longitudinal locations are presented in Fig. 8 and are compared with the theory (lines) derived in Theoretical Consideration. The Reynolds shear stress is nondimensionalized by square of the maximum velocity defect. As shown in Fig. 8 , unlike the straight channel case (Fig. 10) , the curved channel shear stress is non-zero at the wake center because ofthe curvature effect that causes a pressure gradient in lateral direction resulting in a highly asymmetric distribution of shear stress profiles. Raj and Lakshminarayana [1973] also observed non-zero value of Reynolds shear stress at the wake center. In their investigation, Raj and Lakshminarayana found that the point where 0 U/Oy 0 (the wake center) need not to be the same where the Reynolds shear stress is zero. They concluded that the mixing length hypothesis is not valid for predicting the mean and turbulent quantities in such a region. For the present case it is observed to be located between convex wall and mean radius of the channel. The Reynolds shear stress in the hypothetical potential flow outside the wake is not exactly equal to zero due to the turbulence existing in that region with higher absolute value near the concave side of the wall (2 < 0). The experimentally determined shear stress distributions shown in Fig. 8(a, b) are compared with the developed theory. As described, the shear stress was calculated as the difference of the total impulse and the partial impulse U---Q"-"U V by integrating the conservation equations. The integration constants in the corresponding expressions were evaluated from experimental measurements corresponding to the values at the wake center. As can be seen from Fig. 8(a, b) , the excellent agreement between the theory and the measurement over the entire range, particularly the precise prediction of the asymmetric pattern proves the validity of the assumptions necessary in developing the theoretical framework. 
Straight Channel Wake Flow
The developed theory, treats the straight channel wake flow as a classical special case in the sense that the radius of curvature approaches infinity. Fig. 9(a,b) . As shown in Fig. 9 , the wake development in longitudinal direction depends primarily upon the ratio x/d (l/d for curved wake) regardless of the separate variation of the parameters involved in this ratio. The excellent agreement of theory verifies the validity of the expression Ol e-2. The same expression was found to predict both cases of straight and curved channel wake flows, provided that the wake velocity defect is defined properly.
Reynolds shear stress distributions for two different r cylinder diameters d 1, 0.5 mm at different longitu-ri dinal locations are shown in Fig. 10 . The shear stress dis-R U tribution is found to be symmetric about the wake center with a value of zero at the wake center making the inte-ugration constant in the expression for shear stress vanish, u From the comparison, it is obvious that theory is in ex-u cellent agreement with measurement with the peaks being predicted quite reasonably.
CONCLUSIONS
The development of wake flow downstream o.f a cylindrical rod within a curved channel under zero longitudi-u nal pressure gradient is experimentally investigated, com-__v pared with the theoretical framework developed, and pre-v sented in this paper. Mean and the turbulence quantities V were measured and were transformed from the probe coor-vx dinate system into the curvilinear wake eigen-coordinate system. In contrast to the straight wake flow, the mean quantities of the curved wake including the longitudinal velocity component displayed an asymmetric pattern throughout the flow regime. The introduction of the velocity defect function and the wake width b as a single length scale resulted in a fully symmetric distribution of the nondimensionalized velocity defect 991 U 1/U lm= f (2/b '). For the zero pressure gradient curved wake as well as straight wake, the experimental results have proved that the_wake defect can be described by the func-/, It was shown that the new theoretical frame work is ca-0 pable of predicting the zero-pressure gradient wake flow for both curved and straight channel boundary conditions. For validation of the theory, efforts are under way to prove the general validity of the theory using non-zero pressure gradient cases within an absolute frame of reference. 
